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The  electrodeposition  of  palladium  onto  various  electrode  surfaces  was  examined  in  room  temperature  A1C13-MEIC 
molten  salts  with  A1C13  mole  tractions,  N,  from  0.33  <  N  <  0.5  (basic  melts)  to  0.5  <  N  <  0.67  (acidic  melts)  and  at  N  =  0.5 
(neutral  melt).  The  behavior  of  palladium  electrodeposition  was  markedly  dependent  on  the  mole  fraction  of  A1C13  in  the 
molten  salts.  The  palladium  reduction  potential  shifts  approximately  +2.0  V  when  the  melt  is  changed  from  basic  to  acidic. 
Nucleation  overpotentials  were  evident  in  basic  melts,  and  to  a  lesser  extent  in  acidic  and  neutral  melts.  In  acidic  melts, 
the  reduction  of  the  sparingly  soluble  palladium  complex  displays  characteristics  distinctive  of  an  adsorption  phe¬ 
nomenon,  while  the  oxidation  process  snows  considerable  broadening.  Oxidation  of  a  palladium  electrode  in  an  N  = 
0.55  acidic  melt  produces  an  insoluble  palladium  chloride  layer  (approximately  a  monolayer)  on  the  electrode  surface 
which  protects  the  underlying  metal  from  further  oxidation.  Reduction  of  this  surface  anchored  palladium  chloride  layer 
is  rapid  and  provides  a  high  cathodic  current  density.  This  behavior  in  acidic  melts  is  pointedly  different  from  the  reduction 
process  in  a  basic  melt  where  the  reduction  of  the  soluble  palladium  chloro  complex  exhibits  a  diffusion  wave  with 
nucleation  effects. 


complex 


Room  temperature  molten  salts  derived  from  A1C13- 
MEIC  (MEIC  =  l-methyl-3-ethylimidazolium  chloride)  are 
of  interest  for  battery  applications  due  to  their  wide  liq- 
uidus  range  and  high  conductivity.12  In  addition,  the  ad¬ 
justable  Lewis  acidity  of  these  melts  introduces  a  unique 
means  to  alter  solvent  and  solute  electrochemistry  dramat¬ 
ically  by  changing  the  mole  ratio,  N,  of  A1C13  to  MEIC.  The 
predominant  equilibrium  controlling  the  anion  speciation 
in  these  melts  is  given  by 

2  AICIa  *+  A1,C17  +  Cl'  [1] 

where  =  10'17;  therefore,  basic  melts  (0.33  <  N<  0.5) 
contain  excess  Cl'  and  acidic  melts  (0.5  <  N<  0.67)  contain 
the  Lewis  acidic  species  A12C17 . 1  Equation  1  is  qualita¬ 
tively  and  quantitatively  analogous  to  water  autoioniza¬ 
tion  (fC«,  =  1014),  where,  like  the  hydronium  ion,  A12C1,~  is 
the  acidic  species  and,  like  the  hydroxide  ion,  Cl'  is  the 
basic  species.  The  speciation  in  acidic  melt  is  often  dramat¬ 
ically  different  than  in  basic  melt,  just  as  they  are  in 
aqueous  solvents. 

Understanding  the  behavior  of  materials  in  room  tem¬ 
perature  molten  salts  is  an  important  stdp  in  assessing  their 
suitability  for  use  as  electrodes  in  follow-on  battery  devel¬ 
opment.  Some  materials  have  been  looked  at,  to  varying 
degrees,  in  A1C13-MEIC  molten  ualt  systems.34  The  exami¬ 
nation  of  metal  chlorides  for  battery  applications  indicates 
that  they  exhibit  different  behavior  depending  on  whether 
the  melt  composition  is  basic  or  acidic.  Certain  metal  chlo¬ 
rides  that  are  soluble  in  basic  melts  are  only  slightly  solu¬ 
ble,  or  insoluble,  in  acidic  melts.  The  less-soluble  nature  of 
metal  chlorides  in  acidic  melts  may  lead  to  adsorption  ef¬ 
fects  on  the  electrode  surface.5 

The  electrochemistry  of  palladium  chloride  was  first  ex¬ 
amined  in  basic  A1C13-MEIC  melts  by  Hussey  et  al.  4  They 
discovered  that  palladium  exists  as  PdClJ'  and  undergoes  a 
two-electron  reduction  in  basic  melts.  The  reduction  is  lim¬ 
ited  kinetically  by  a  three-dimensional  nucleation  process. 
This  is  accompanied,  by  an  unusual  two-peak  oxidation 
which  has  not  been  fully  explained. 

While  palladium  chloride  is  soluble  in  basic  melt,  it  is 
only  slightly  soluble  in  acidic  and  neutral  melts.7*  This  low 
solubility  leads  to  adsorption  of  a  Pd(H)  chloride  complex 
onto  solid  electrode  surfaces  and  substantially  alters  the 
Pd(II)/Pd  electrochemical  couple.  In  addition,  the  electro¬ 
chemistry  of  a  Pd  electrode  in  acidic  and  neutral  melts 
consists  exclusively  of  surface  redox  processes  similar  to 
the  behavior  of  Pd  in  aqueous  electrolytes.*"11  Here,  we  ex- 
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amine  the  surface  electrochemistry  of  the  Pd  electrode  as 
well  as  the  adsorption  of  Pd(II)  chloro  complex  on  several 
different  soh<i  electrodes. 

>*  Experimental 

Purification  of  melt  components  has  been  described  pre¬ 
viously.12,13  PdCl2  (Aldrich,  99.999%)  was  used  without  fur¬ 
ther  purification.  All  experiments  were  performed  at  room 
temperature  in  a  Vacuum  Atmospheres  glove  box  under  a 
UHP  helium  atmosphere. 

Melts  were  prepared  by  slowly  combining  calculated 
quantities  of  MEIC  and  A1C13.  Protonic  impurities  were 
removed  from  the  melts  by  addition  of  EtAlCl2  or  by  vac¬ 
uum  treatment  at  1  x  10"5  Torr  for  several  days.1415  All 
A1C13-MEIC  melts  containing  palladium  ions  were  pre¬ 
pared  by  addition  of  PdCl2  or  (MEI)2PdCl,  to  the  melt. 
(MEI)jPdCl,  is  a  new  salt  produced  by  adding  PdCl2  to 
MEIC  and  heating  to  150°C. 15  Use  of  (MEI)2PdCl,  facili¬ 
tates  dissolution  of  Pd(II)  into  the  A1C13-MEIC  melts.  Addi¬ 
tion  of  brick  red  PdCl2  to  basic  A1C13-MEIC  melts  gave  a 
yellow-orange  coloration,  while  addition  of  PdCl2  to  acidic 
and  neutral  melts  produced  a  red  coloration.  Due  to  the  low 
solubility  of  PdCl2  in  the  acidic  and  neutral  melts,  these 
melts  became  saturated  before  all  the  PdCl2  was  dissolved. 
Heating  the  melts  at  95°C  for  1  week  helped  dissolve  more 
of  the  PdCl2.  The  solubility  of  PdCl2  was  greater  in  the  most 
acidic  melt  (N  =  0.67),  but  decreased  as  the  melts  tended 
toward  neutral.  The  solubility  of  PdCl2  decreased  in  the 
order  basic  »  acidic  (N  =  0.67)  >  acidic  ( N  =  0.55)  a  neutral 
(N  =  0.50). 

Several  different  working  electrodes  were  used  in  this 
investigation.  Several  polycrystalline  palladium,  platinum, 
and  tungsten  metal  disk  electrodes  were  constructed  by 
sealing  the  appropriate  wire  (Aldrich)  in  glass  tubes,  cut¬ 
ting  the  glass  to  expose  a  circular  disk  electrode,  and  then 
polishing  the  electrode  surface  with  a  Struers  DAP-V 
grinder-polisher  using  diamond  pastes.  The  geometric 
areas  of  the  resulting  palladium,  platinum,  and  tungsten 
disk  electrodes  were  7.85  X  10'2,  7.85  x  10'3,  and  0.96  x 
10"3  cm2,  respectively.  Rotating  disk  glassy  carbon,  palla¬ 
dium,  and  platinum  electrodes  were  purchased  from  Pine 
Instrument  Co.  and  were  all  reported  by  the  manufacturer 
to  have  a  geometric  surface  area  of  0.1964  cm2.  Rotating 
disk  tungsten  electrodes  from  Pine  Instrument  Co.  had  geo¬ 
metric  areas  of  0.2815  cm2  and  0.2822  cm2.  Glassy  carbon 
(3  mm  diam)  and  gold  (1.65  mm  diam)  electrodes  were  pur¬ 
chased  from  BAS  and  Sargent  Welch,  respectively. 

For  all  electrochemical  experiments,  the  counterelec¬ 
trode  was  a  platinum  foil,  and  the  reference  electrode  con- 
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sisted  of  A1  wire  immersed  in  either  an  N=  0.67  or  N  =  0.60 
A1C12-MEIC  melt  contained  in  separate  fritted  or  Vycor 
glass  compartments.  Cyclic  staircase  voltammetry  was  per¬ 
formed  with  a  (Princeton  Applied  Research)  PARC  Model 
273  potentiostat/galvanostat  controlled  with  the  M270/4 
software  package.  Ramp  mode  was  used  for  data  acquisi¬ 
tion  to  simulate  linear  scan  voltammetry  as  closely 
as  possible.  Rotating  disk  experiments  were  performed 
with  a  Pine  Instrument  Co.  Model  AFMSRX  rotator, 
and  PARC  Model  273  potentiostat/galvanostat  controlled 
with  the  M270/4  software  package.  UV-vis  spectra  were 
obtained  inside  the  glove  box  using  a  Guided  Wave  fiber 
optic  system. 

Results  and  Discussion 

Basic  melts. — Palladium  deposition-stripping  behavior 
was  the  same  on  all  the  metal  electrodes  tested;  platinum, 
tungsten,  glassy  carbon,  and  gold,  except  palladium.  Cyclic 
staircase  voltammetry  of  palladium  deposition-stripping 
behavior  in  an  N  =  0.444  melt  is  shown  in  Fig.  1  at  a  Pine 
Instruments  rotating  disk  (RDE)  glassy  carbon  electrode, 
which  is  typical  for  palladium  in  all  basic  melts.  An  obvi¬ 
ous  feature  is  the  negative  overpotential  seen  for  the  Pd(II) 
reduction  wave;  a  result  of  a  nucleation  phenomenon  typi¬ 
cal  for  many  metal  electrodeposition  processes.17  At  a  pal¬ 
ladium  electrode,  Fig.  2,  the  waves  for  the  reduction  of 
Pd(H)  from  solution  are  broader  than  on  other  electrodes, 
and  the  oxidation  at  0.15  V  probably  corresponds  to  oxida¬ 
tion  of  Pd  metal  to  PdCl^',  i.e.,  the  Pd  electrode  does  not 
passivate  in  basic  melts  as  it  does  in  neutral  and  acidic 
melts  (vide  infra).  When  the  scan  is  reversed  after  Pd  an¬ 
odization,  a  reduction  peak  at  -0.75  V,  corresponding  to 
reduction  of  Pd(II)  to  Pd,  appears  and  increases  when  the 
switching  potential  is  more  positive. 

RDE  experiments  were  performed  at  a  glassy  carbon 
electrod  ?  in  an  N  =  0.33  basic  melt  containing  dissolved 
PdClj  (lPd(n)]  =  1.7  X  10  2M).  Rotation  rates  were  varied 
from  100  to  2400  rpm.  The  basic  melt  showed  a  diffusion- 
limited  current  from  200  to  2400  rpm.  From  200  to  400  rpm, 
a  small  peak  at  the  beginning  of  the  limiting  plateau  was 
observed  indicative  of  adsorption  of  the  Pd(II)  complex  on 
the  electrode  prior  to  reduction;  this  peak  was  not  apparent 
in  the  faster  rotation  voltammograms. 


1  0.5  0  -0.5  -1  -1.5  -2 

Potential  (volts) 

Rp,  1*  Cycle  itaatoM  voHommoflrunt  of  PdR/Pd  couple  on 
otesy  torfaoH  in  basic  mol  (N  ■  0.444)  with  a  icon  rate  of  1  mV/s. 
Musncul  to  on  aluminum  win  in  N«  0.67  AIQj-MEK. 


to  on  aluminum  wire  in  N  =  0.67  AIGj-MBC. 


The  two  Pd  oxidation  waves  seen  in  Fig.  1  were  first 
described  by  Sun  and  Hussey.6  They  attributed  the  more 
negative  wave  to  bulk  Pd  oxidation  and  the  more  positive 
wave  to  stripping  of  a  chemisorbed  layer.6  This  is  in  contra¬ 
diction  with  their  formal  potential  reported  for  the  Pd(H)/ 
Pd  couple  which  falls  between  the  two  oxidation  waves. 
Sun  and  Hussey  reported  a  formal  electrode  potential  of 
-0.230  V  in  a  44.4%  (N  =  0.444)  melt  while  the  two  oxida¬ 
tion  waves  are  seen  at  approximately  -0.32  and  +0.05  V  in 
Fig.  2  of  Ref.  6.  If  the  more  negative  wave  is  bulk  Pd  oxida¬ 
tion,  it  is  expected  to  have  a  larger  area  than  the 
chemisorbed  layer;  however,  the  opposite  is  true.  An  alter¬ 
nate  explanation  becomes  apparent  when  we  realize  that 
the  more  positive  wave  is  at  the  same  potential  as  bulk  Pd 
oxidation  observed  for  the  Pd  electrode  in  Fig.  2;  therefore, 
the  more  positive  wave  corresponds  to  bulk  Pd  oxidation  to 
Pd(H).  The  more  negative  wave  may  be  oxidation  of  Pd  to 
adsorbed  PdClj";  the  less  positive  potential  for  oxidation 
results  from  thermodynamic  stabilization  of  the  product  by 
the  adsorption  phenomenon.5  Consistent  with  this  inter¬ 
pretation  is  that  in  the  RDE  studies  of  Pd(II)  reduction 
described  above,  PdClj"  is  adsorbed  to  the  electrode  sur¬ 
face  giving  an  initial  peak  in  the  slow  rotation  RDE 
voltammetric  responses. 

Acidic  neutral  melts. — Cyclic  staircase  voltammograms 
for  the  Pd(II)/Pd  couple  in  acidic  and  neutral  A1C13-MEIC 
melts  containing  dissolved  Pd(II)  are  shown  in  Fig.  3  to  5  at 
a  palladium  electrode.  For  the  N  =  0.67  melt,  the  higher 
solubility  of  Pd(U)  in  this  more  acidic  melt  allowed  for  a 
stable  open-circuit  potential  to  be  use  as  the  starting  po¬ 
tential.  in  the  neutral  and  N  =  0.55  melts,  the  low  solubility 
of  Pd(H)  gave  an  unstable  open-circuit  potential;  therefore, 
scans  were  begtrn  at  a  potential  negative  of  the  reduction 
wave.  The  shape  of  the  curves  were  independent  of  the  time 
held  at  the  negative  potential.  For  the  N  =  0.67  melt,  the 
Pd(II)/Pd  reduction  and  oxidation  waves  are  broad  and 
only  one  oxidation  process  is  observed.  In  the  neutral  melt, 
the  palladium  reduction  wave  is  shifted  more  negative 
while  the  oxidation  remains  relatively  unchanged,  Fig  4 
At  a  melt  composition  of  N  =  0.55,  the  reduction  wave  in 
Fig.  5  has  a  full  width  at  half-height,  (FWHH),  of  only 
46.6  mV,  while  the  oxidation  remains  broad.  The  three  fig¬ 
ures  indicate  the  movement  of  the  reduction  wave  to  more 
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negative  potentials  as  the  melt  composition  is  changed 
from  N  =  0.67  to  N  =  0.50.  Importantly,  for  the  acidic  and 
neutral  melts,  the  palladium  electrode  does  not  undergo 
continuous  oxidation  as  in  the  basic  melts.  Instead,  a  sur¬ 
face  coating  of  an  insoluble  palladium  chloride  complex, 
designated  PdCl2,  passivates  the  surface  toward  further  ox¬ 
idation.  The  broadness  of  the  oxidation  is  consistent  with 
formation  of  an  insoluble  surface-bound  complex.  Similar 
behavior  is  observed  for  palladium  electrodes  in  aqueous 
systems  where  palladium  oxides/hydroxides  are  formed.®'11 
As  discussed  below,  the  behavior  of  palladium  in  the  N= 
0.55  melt  can  be  reproduced  even  when  no  Pd(II)  has  been 
added  to  the  melt,  i.e.,  the  phenomenon  is  a  surface  effect 


fig.  4.  Cydk  staircase  voltommogram  of  Fdffl/Pd  couple  on  pallo- 
dhmt  in  neutral  mall  (N  «  0.50)  with  a  scan  rate  of  100  mV/s. 
Referenced  to  an  aiuminum  wire  in  N*0M  Aldj-MEtC 
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Fig.  5.  Cydk  staircase  voltommogram  of  Pd(K)/Pd  couple  on  palla¬ 
dium  in  acidic  melt  (N  =  0.55)  with  a  scan  rate  of  100  mV/s.  Refer¬ 
enced  to  an  aluminum  wire  in  N  =  0.60  AlClj-MEIC. 


and  operates  for  bulk  and  electrodeposited  palladium 
metal. 

Palladium  deposition-stripping  behavior  in  acidic  melts 
containing  dissolved  PdCl2  appeared  the  same  regardless  of 
whether  the  electrode  was  platinum,  tungsten,  palladium, 
gold,  or  glassy  carbon.  The  Pd(H)/Pd  couple  in  an  N  =  0.55 
melt  at  glassy  carbon  is  shown  in  Fig.  6.  The  oxidation 
process  at  +1.5  V  is  observed  only  after  palladium  metal  has 
been  electrodeposited  onto  the  surface  by  an  initial  scan 
negative  of  the  reduction  wave  at  +1.1  V.  As  with  the  palla¬ 
dium  electrode,  the  electrodeposited  palladium  is  passi¬ 
vated,  so  only  palladium  at  the  surface  of  the  electrodeposit 


Potential  (volts) 

Fig.  6.  Cydk  stakoose  vottammogram  of  Ad0l)/W  couple  on 
glossy  carbon  in  acxfic  melt  (N = 0.55)  with  a  scan  rato  of  100  mV/s. 
Referenced  to  an  aiuminum  wire  m  Af  *  0.60  AWj-MBC. 


J.  Electrocbem.  Soc.,  Vol.  141,  No.  4,  April  1994  ©  The  Electrochemical  Society,  Inc. 


1003 


AlGj-MEtC.  Scan  rale*  are  given  in  Table  I. 
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Fig.  8.  Palckbum  surface  coverage  plot  of  integrated  charge  vs, 
time  neid  at  +1.9  V  at  a  9.1964  an'  Pd  electrode.  Referenced  to  an 
aluminum  wire  in  N  m  0.60  AKIj-MHC. 


is  electroactive.  Therefore,  optimal  use  of  the  palladium 
can  be  achieved  when  a  thin  palladium  film  on  an  inert 
substrate  is  employed. 

Scan  rate  studies  were  performed  on  palladium  reduc¬ 
tion  at  a  0.1964  cm1  Pd  electrode  in  an  N=  0.65  melt  without 
dissolved  PdCl,.  Voltammetric  scans  were  performed  by 
initially  scanning  from  +0.8  to  +1.9  V,  holding  the  potential 
at  +1.9  V  for  60  s,  and  then  scanning  negative  through  the 
reduction  wave  back  to  +0.8  V.  Voltammograms  at  various 
scan  rates  are  depicted  in  Fig.  7.  Table  I  contains  informa¬ 
tion  on  the  scan  rate  (v),  cathodic  peak  potential  (£'),  ca¬ 
thodic  peak  height  (if),  and  FWHH  for  the  voltammograms 
in  Fig.  7.  The  slope  of  log  v  vs.  log  is  0.96  for  scan  rates  of 
6.26  to  50  mV/s,  indicating  an  adsorption  process.  For  scan 
rates  from  100  to  800  mV/s,  a  slight  curvature  is  evident 
causing  a  deviation  from  linearity.  This  is  due  to  kinetic 
limitations  brought  about  by  the  nucleation  phenomena 
discussed  below.  The  kinetic  limitations  also  cause  the 
FWHH  to  increase  and  the  E'  to  shift  negatively  with  in¬ 
creasing  scan  rate. 

RDE  experiments  were  performed  at  a  palladium  elec¬ 
trode  in  an  N  *  0.55  melt  containing  no  dissolved  Pd(II). 
Rotation  rates  were  varied  from  100  to  2400  rpm.  After  full 
oxidation  of  the  surface  at  +1.9  V,  a  negative  scan  revealed 
that  the  reduction  wave  was  unchanged,  independent  of 
rotation  rate,  confirming  the  surface  nature  of  the  process. 

Using  a  0.1964  cm1  Pd  electrode  in  an  N  =  0.55  melt  con¬ 
taining  no  dissolved  PdCl2,  it  was  possible  to  quantitate  the 
adsorption  process  by  studying  the  oxidation  and  reduc¬ 
tion  of  the  palladium  electrode  surface.  This  was  done  by 
holding  the  potential  of  the  Pd  electrode  at  +1.9  V  for  in- 


tofalo  I.  Scan  rats  study  of  Pd(i)  surface  reduction  in 
N  *  0-55  AKfj-MBC  at  a  0.1964  cm2  Pd  electrode. 
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creasing  times,  and  then  scanning  the  potential  at  100  mV/s 
through  the  surface  reduction  at  +1.2  V.  Integration  of  the 
charge  under  the  reduction  peak  provides  a  quantitation  of 
the  amount  of  PdCl2  formed  during  the  oxidation  process. 
The  cathodic  charge  plotted  as  a  function  of  hold  time  is 
depicted  in  Fig.  8.  Assuming  a  closest  packed  arrangement 
of  palladium  atoms  at  the  electrode  surface,  the  charge  per 
unit  area  necessary  to  oxidize  a  monolayer  of  Pd(0)  to  Pd(II) 
is  4.94  x  10~4  C/cm2.  (A  radius  of  1.37  A  for  Pd  was  used  in 
the  calculation.1')  Therefore,  the  charge  found  for  the  Pd 
RUE  electrode  corresponds  to  formation  of  a  single  mono- 
layer  of  PdClj  using  a  Surface  roughness  of  1.1.  Depending 
on  the  source  of  the  Pd  electrode,  the  calculated  surface 
coverage  was  between  0.5  and  2  monolayers  using  a  surface 
roughness  of  1.1.  This  may  be  a  result  of  a  variable  surface 
roughness  for  different  electrode  suppliers  (i.e.,  the  surface 
roughness  is  not  constant  at  1.1  for  different  electrodes)  or 
differences  in  the  type  and  purity  of  Pd  used  by  different 
manufacturers.  However,  for  the  same  electrode  source,  the 
surface  coverage  was  generally  reproducible. 

The  reduction  process  at  a  0.1964  cm2  Pd  electrode  in  an 
N  =  0.55  melt  containing  no  Pd(II)  was  studied  as  a  function 
of  the  oxidizing  potential.  A  series  of  experiments  were 
performed  in  which  the  potential  was  scanned  into  the  ox¬ 
idation  wave,  held  at  different  oxidizing  potential  for  60  or 
180  s,  and  then  scanned  through  the  reduction  wave. 
Voltammograms  (v  =  100  mV/s)  collected  for  60  s  holds  at 
the  different  oxidizing  potentials  are  shown  in  Fig.  9.  The 
results  at  a  0. 1 964  cm2  Pd  RDE  electrode  are  summarized  in 
Tables  II  and  III.  As  the  oxidizing  potential  becomes  more 
positive,  several  observations  are  made:  (i)  the  peak  height 
and  the  charge  under  the  reduction  wave  increase;  (is)  the 
peak  of  the  reduction  wave  shifts  to  negative  potentials; 
and  (iii)  the  reduction  wave  becomes  narrower.  The  first 
observation  indicates  that  oxidation  at  more  positive  po¬ 
tentials  increases  the  amount  of  PdCl2  formed  on  the  Pd 
electrode  surface.  The  second  and  third  observations  are 
inconsistent  with  a  process  controlled  by  electron  transfer 
kinetics.  For  a  two-electron  process  at  25°C,  the  FWHH  for 
a  reversible  process  is  expected  to  be  45.3  V,  while  the 
FWHH  for  an  irreversible  process  with  a  =  0.5  should  be 
62.5  V.5  At  the  most  positive  oxidation  potential,  the  FWHH 
is  less  than  that  for  a  reversible  system.  The  narrowing  of 
the  reduction  wave  with  the  negative  reduction  potential 
shift  is  opposite  to  that  expected  for  electron-transfer  ki- 
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Fig.  9.  Vbltommogrom  tents  obtained  for  60  s  holds  at  oxidizing 
potentials  of  1.9,  1.8, 1.7, 1.6, 1.5,  and  MV.  Experiment  accom¬ 
plished  with  a 0. 1 964 cm1  Pd  electrode  in  ockfic  melt  (N = 0.55)  using 
a  scan  rale  of  100  mV/s.  Referenced  to  an  aluminum  wire  in  N  a 
0.60  AJQj-MHC. 


netics.  Staircase  voltammetry  was  used  to  obtain  the  data 
in  Tables  II  and  III,  whereas,  the  theoretical  FWHH  values 
are  derived  for  linear  scan  voltammetry.  However,  the  use 
of  ramp  mode  (step  height  <  0.5  mV)  in  the  data  acquisition 
setup  simulates  linear  sweep  voltammetry  very  well.  In  ad¬ 
dition,  varying  the  step  height  up  to  5  mV  and  altering  the 
current  sampling  parameters  has  minimal  effect  on  if  and 
FWHH.  For  a  reversible  surface  process,  this  is  not  ex¬ 
pected  to  be  the  case;  instead,  peak  height  has  been  shown 
to  be  a  strong  function  of  step  height  and  current  sampling 
parameters.1’  A  continuous  oscilloscope  trace  of  a  ramp 
mode  staircase  voltammogram  is  shown  in  Fig.  10  confirm¬ 
ing  the  linear  scan  behavior  of  ramp  mode.  The  curve  mim¬ 


Fig.  10.  OsdHoscopk  trace  of  staircase  voltammogram  showing 
the  result  of  using  the  ramp  mode  of  the  PAR  M270  software  and  273 
potentiostot  during  paHoahmi  surface  reduction:  20  s  oxidation  at 
+1.9  V. 


ics  a  linear  scan  voltammogram;  no  potential  steps,  charg¬ 
ing  current  spikes,  or  current  decays  are  apparent. 

Continuous  oscilloscope  traces  of  the  staircase  voltam- 
mograms  were  recorded  for  the  reduction  process  following 
20  s  holds  at  oxidizing  potentials  of  +1.9  and  +1.65  V.  The 
potential  waveform  parameters  consisted  of  a  10  mV  step 
height  and  a  100  ms  step  time  giving  a  scan  rate  of  100  mV/ 
s.  The  resulting  traces  shown  in  Fig.  11 A  and  B  reveal  the 
behavior  of  the  reduction  process  more  clearly.  The  initial 
potential  steps  for  the  reduction  in  Fig.  1 1 A  (following  ox¬ 
idation  at  +1.9  V)  show  a  gradual  rise  in  the  current  as  a 
function  of  time.  This  behavior  is  characteristic  of  a  nucle- 
ation  phenomenon.17  More  recent  results  indicate  the  re¬ 
duction  process  is  limited  by  a  2D  nucleation  phe¬ 
nomenon.8  Such  2D  nucleation  involving  interconversion 
of  two  solid  phases  at  an  electrode  surface  are  analogous  to 
nucleation  processes  observed  during  anodic  film  forma¬ 
tion  at  a  metal  electrode.20  Near  the  maximum  in  Fig.  11  A, 
the  current  rise  for  each  step  becomes  less  pronounced,  and 
the  current  transients  begin  to  show  more  typical  staircase 
behavior,  i.e,.  an  initial  charging  current  followed  by  a  cur¬ 
rent  decay.  However,  the  current  transients  behavior  for  all 
potential  steps  in  Fig.  11B  are  typical  for  staircase  voltam- 
metic  experiments.  Therefore,  as  the  oxidizing  potential 
becomes  less  positive,  kinetic  limitations  resulting  from  the 
nucleation  phenomenon  for  the  reduction  process  become 
less  pronounced.  Assuming  the  PdCl2  to  Pd  reduction  oc¬ 
curs  via  a  lateral  growth  mechanism,  it  is  necessary  to  have 


Tobla  N.  Staircase  voltammetry  results  for  PcHH)  surface  rwbchon 
os  o  function  of  60  s  bolds  ot  different  oxkfaing  potentials 
using  a  0.1964  cm2  Pd  electrode. 


Oxidizing 

potential 

(V) 

Ek 

(V) 

Charge 

(P-CT 

*P 

(mA) 

FWHH 

(mV) 

1.4 

1.202 

6.509 

3.442 

165.9 

1.5 

1.185 

13.63 

8.937 

126.4 

1.6 

1.135 

19.66 

19.69 

78.73 

1.7 

1.088 

25.67 

31.86 

61.39 

1.8 

1.049 

31.22 

46.90 

52.32 

1.9 

1.018 

36.60 

64.07 

44.85 

Table  M.  Staircase  voltammetry  results  for  Pd(R)  surface  reduction 
as  a  function  of  180  s  holds  at  different  oxi&zing  potentials 
using  a  0.1964  cm2  Pd  electrode. 


Oxidizing 

potential 

(V) 

Ek 

(V) 

Charge 

(PQ 

h 

(mA) 

FWHH 

(mV) 

1.4 

1.196 

9.373 

4.944 

163.5 

1.5 

1.156 

21.86 

18.25 

99.85 

1.6 

1.107 

30.75 

33.41 

74.51 

1.7 

1.063 

37.61 

50.12 

61.35 

1.8 

1.028 

43.86 

70.45 

51.08 

1.9 

1.004 

50.38 

89.00 

45.59 

2.0 

0.9855 

58.15 

105.00 

43.19 

2.1 

0.9804 

84.18 

118.3 

43.08 

F^.11  .  OsciBoscoptc  traces  of  staircase  valtammograms  showing 
the  individual  stops  during  paModwm  surface  reduction:  (A)  20  s 
oxidation  at  +1.9.  V,  and  (8)  20  s  oxidation  at  +1.65  V. 
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Table  IV.  UV-vis  absorption  maxima  (nm)  far  Pd (II)  species. 


PdCU 

HC1  (aq)* 

PdClT 

Basic  melt® 

Pd(AlCl„)2 
Vapor  phase' 

Pd(II) 

Acidic  melt 

223 

_ d 

_ 

_ d 

280 

291 

249 

278 

338*® 

345-347*® 

— 

350-355*® 

474 

480-483 

500 

500-504 

619" 

620w 

— 

— 

sh  =  shoulder,  w  =  weak. 

*Ref.  21  and  22. 

®N  =  0.33  (this  work)  and  Ref.  6. 
Ttef.  23. 

JMEIC  absorbance  interference. 


Pd  metal  growth  centers  already  present,  or  to  produce 
them  via  a  nucleation  process.  For  the  most  positive  oxidiz¬ 
ing  potentials,  the  surface  is  fully  converted  to  PdCl2; 
therefore,  production  of  Pd  metal  sites  requires  an  initial 
nucleation  process.  For  less  positive  oxidizing  potentials, 
Pd  metal  is  still  accessible  at  the  surface  to  serve  as  sites  for 
lateral  growth,  reducing  the  need  for  nucleation.  The  cou- 
lometric  charges  listed  in  Tables  n  and  III  are  consistent 
with  this  interpretation.  The  changes  in  the  FWHH  as  a 
function  of  oxidizing  potential  can  be  understood  by  recog¬ 
nizing  that  for  more  positive  oxidizing  potentials,  it  is  more 
difficult  to  start  the  reduction,  but  after  it  has  started,  the 
reduction  proceeds  rapidly  due  to  a  higher  thermodynamic 
overpotential.  Therefore,  the  reduction  peak  shifts  to  nega¬ 
tive  potential  and  becomes  narrower  with  more  positive 
oxidizing  potential  as  seen  in  Table  m. 

UV-vis  spectroscopy. — A  UV-vis  spectrum  was  obtained 
for  Pd(II)  in  the  Lewis  acidic  molten  salt,  and  the  results  are 
summarized  in  Table  IV  along  with  spectra  for  PdClJ"  in 
aqueous  HC12122  and  basic  melts®  and  for  vapor  phase 
Pd(AlCl4)2. 23  The  spectrum  of  Pd(H)  in  the  acidic  melt  more 
closely  matches  the  spectrum  of  vapor  phase  Pd(AlCl,)2 
which  has  been  assigned  a  square  planar  geometry.22  In 
particular,  both  vapor  phase  and  acidic  melt  Pd(II)  species 
exhibit  a  metal  centered  d  <-  d  transition  at  500  nm;  how¬ 
ever,  the  L*~  M  charge-transfer  band  at  278  nm  for  Pd(II) 
in  the  acidic  melt  is  shifted  from  the  vapor  phase  value  of 
249  nm.22  Also,  a  shoulder  at  350-355  nm  is  seen  for  the 
acidic  melt  species  which  is  not  observed  for  the  vapor 
phase  complex.  Therefore,  although  we  believe  Pd(H)  exists 
as  a  square  planar  chloroaluminate  species  in  the  acidic 
melt,  possibly  Pd(AlClt)(.2_’,)  ,  we  cannot  make  a  definitive 
structural  assignment  with  the  current  spectral  data. 

Conclusion 

Palladium  provides  an  interesting  study  of  the  behavior 
of  metal  chlorides  in  the  chloroaluminate  room  tempera¬ 
ture  molten  salts.  In  basic  melts,  Pd(II)  is  deposited  as  Pd(0) 
and  stripped  in  a  process  involving  surface  and  bulk  oxida¬ 
tion.  In  acidic  and  neutral  melts,  the  palladium  electro¬ 
chemistry  is  dominated  by  surface  processes  due  to  the  low 
solubility  of  Pd(II)  in  these  melts.  On  oxidation,  the  surface 
of  a  palladium  electrode  or  of  electrodeposited  palladium  is 
passivated  by  formation  of  an  insoluble  palladium  chloride 
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layer  between  0.5  and  2.0  monolayers  thick.  This  behavior 
is  similar  to  palladium  electrochemistry  in  aqueous  solu¬ 
tions  where  palladium  forms  passivating  oxide/hydroxides 
on  the  surface. 
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